Many efforts based on complete mitochondrial DNA (mtDNA) genomes have been made to depict the global mtDNA landscape, but the phylogeny of Indian macrohaplogroup M has not yet been resolved in detail. To fill this lacuna, we took the same strategy as in our recent analysis of Indian mtDNA macrohaplogroup N and selected 56 mtDNAs from over 1,200 samples across India for complete sequencing, with the intention to cover all Indian autochthonous M lineages. As a result, the phylogenetic status of previously identified haplogroups based on control-region and/or partial coding-region information, such as M2, M3, M4, M5, M6, M30, and M33, was solidified or redefined here. Moreover, seven novel basal M haplogroups (viz., M34-M40) were identified, and yet another five singular branches of the M phylogeny were discovered in the present study. The comparison of matrilineal components among India, East Asia, Southeast Asia, and Oceania at the deepest level yielded a star-like and nonoverlapping pattern, reflecting a rapid mode of modern human dispersal along the Asian coast after the initial ''out-of-Africa'' event.
Introduction
The emergence of (nearly) complete mitochondrial DNA (mtDNA) sequences has made it possible to reconstruct the phylogenies of European, African, Oceanian, East Asian, Southeast Asian, and Indian N lineages and to gain detailed insight into the past of modern humans (Ingman et al. 2000; Finnilä, Lehtonen, and Majamaa 2001; Maca-Meyer et al. 2001 Torroni et al. 2001; Derbeneva et al. 2002; Herrnstadt et al. 2002; Herrnstadt, Preston, and Howell 2003; Ingman and Gyllensten 2003; Kong et al. 2003; Mishmar et al. 2003; Reidla et al. 2003; Achilli et al. 2004 Achilli et al. , 2005 Howell et al. 2004; Palanichamy et al. 2004; Tanaka et al. 2004; Friedlaender et al. 2005; Macaulay et al. 2005; Merriwether et al. 2005; Thangaraj et al. 2005) . However, such systematic analyses have not yet been available for Indian macrohaplogroup M, which is ubiquitous in South Asia and covers more than half of the Indian mtDNA samples (Kivisild et al. 1999 Metspalu et al. 2004; Quintana-Murci et al. 2004) . A recent study (Rajkumar et al. 2005) claimed to have resolved this problem but described only a few Indian M haplogroups. Furthermore, their reported sequences bear the imprints of typical problems of large mtDNA sequencing attempts Bandelt et al. 2005) . They are, therefore, only of limited help for understanding the Indian M phylogeny.
Based on control-region variation and/or partial coding-region information, previous studies have identified some autochthonous Indian M haplogroups, such as M2, M3, M4, M5, M6 (Kivisild et al. 1999 Bamshad et al. 2001; Basu et al. 2003) and, more recently M18, M25, M30, and M33 (Metspalu et al. 2004; Rajkumar et al. 2005; Thangaraj et al. 2005) . Most of these haplogroups have not been fully characterized due to limited information available at the time. Moreover, some of them (e.g., M3, M4, and M5) were exclusively defined by ''speedy'' mutations, such as transitions at sites 16126, 16129, and 16311 , and consequently their monophyletic status has been questioned Metspalu et al. 2004) . In addition, many mtDNAs in our large Indian data set could not be assigned to the recognized haplogroups, pointing to the existence of further basal lineages. To resolve these problems, a systematic study on Indian M haplogroups based on complete sequencing would be indispensable.
Two recent reports provided complete mtDNA genome data from ''relict'' South(east) Asian populations and deduced the initial migration pattern of modern humans after their exodus from Africa (Macaulay et al. 2005; Thangaraj et al. 2005) . In consideration of the pivotal geographic location of India along the ''southern route'' adopted by modern humans (Stringer 2000) as well as the facts that the offsprings of the earliest settlers composed the most components of Indian mtDNA gene pool and that the recent gene flow into and out of India was quite limited (cf., Kivisild et al. 2003; Metspalu et al. 2004) , more Indian complete mtDNA sequences, especially from autochthonous macrohaplogroup M, would be helpful for further elucidating the scenario of a rapid dispersal of modern human along the Asian coast after the initial ''out-ofAfrica'' event (Macaulay et al. 2005; Forster and Matsumura 2005) .
In the present study, 56 mtDNAs were selected from our large Indian data collection for complete sequencing, which covered all the recognized M lineages (with the exception of M25 whose distribution frequency is rather low in South Asia; Metspalu et al. 2004) as well as many uncharacterized lineages observed in India. Our results, together with our recent report about Indian marcohaplogroup N (Palanichamy et al. 2004) , provide a comprehensive picture of the Indian matrilineal gene pool. The distinctiveness of the South Asian mtDNA pool in comparison to East Asia and Oceania is further substantiated.
Materials and Methods Sampling
Over 1,200 Indian samples were collected from the following populations: R-Reddy, T-Thogataveera from Andhrapradesh, South India; A-Bhargava, B-Chaturvedi, C-other Brahmin from Uttarpradesh, North India; SW-Rajbhansi from West Bengal, and S-Khasi population from Meghalaya, both located in Northeast India. Based on the information from the control region and some coding-region segments, each mtDNA was assigned into the known haplogroups (Kivisild et al. 1999 Bamshad et al. 2001; Basu et al. 2003; Palanichamy et al. 2004) or novel M lineages (data not shown). To cover most of Indian autochthonous M lineages, a total of 56 mtDNAs were selected for complete sequencing, with the purpose that at least one representative was chosen from the known haplogroup and the newly identified novel lineage.
DNA Amplification, Sequencing, and Quality Control
The mtDNA genomes were amplified and sequenced by means of the procedures described in our recent studies (Kong et al. 2003; Palanichamy et al. 2004) , including the same data quality assessment, such as at least two independent amplifications. Sequences were edited and aligned by DNASTAR software (DNAStar Inc., Madison, Wisc.), and mutations were scored relative to the revised Cambridge reference sequence (rCRS; Andrews et al. 1999 ).
Phylogeny Reconstruction and Age Estimation
Besides our newly collected 56 mtDNAs, 10 additional Indian M complete genomes from the literatures (Maca-Meyer et al. 2001; Ingman and Gyllensten 2003; Kivisild et al. 2006) were employed for the tree reconstruction. To distinguish the latter samples from ours, the abbreviations NM, IG, and TK, respectively, representing the aforementioned papers were listed before the original sample name. The phylogeny was reconstructed manually and compared with several (combined) runs of the reducedmedian and median-joining algorithms with NETWORK 4.1.0.9 (employing some differential weighting and different parameter settings). In thus exploring the solution space of slightly less parsimonious trees, we found that in particular the seeming 16519 clade appears to be unstable, and the M4a lineage (sample R44) could well belong to a potential clade supported by the 593 transition. We followed the nomenclature system put forward by Richards et al. (1998) and Macaulay et al. (1999) , as well as the suggestions in Palanichamy et al. (2004) for the naming of new emerging branches. The available mtDNA complete sequences from India, Southeast Asia, East Asia, and Oceania (Ingman et al. 2000; Maca-Meyer et al. 2001; Ingman and Gyllensten 2003; Palanichamy et al. 2004; Friedlaender et al. 2005; Kivisild et al. 2005; Macaulay et al. 2006; Merriwether et al. 2005 ; present study) were used to estimate the age of macrohaplogroup M for each geographic region separately, according to the previously described approach (Kong et al. 2003; Mishmar et al. 2003) . The Indian M data reported by Rajkumar et al. (2005) were excluded from these analyses because they bear a number of potential errors (see Discussion).
Results

The Identification of Novel M Lineages
As shown in figure 1, seven novel M haplogroups and another five yet singular branches were identified in the present study. In detail, the two mtDNAs, C39 and C56, share six specific mutations (at sites 569, 3010, 6794, 11101, 15865, and 16249) and form a new haplogroup M34. Haplogroup M35 is recognized by two mutations (at sites 199 and 12561), and its major subhaplogroup, M35a, is characterized by another five mutations. Haplogroup M36 is defined by three specific mutations (at sites 239, 7271, and 15110). Samples C26 and R45 share mutations 12007 and 10556 and therefore belong to a novel haplogroup, M37. Samples A24 and T72 constitute another new branch of M, designated as M38, that is supported by nine mutations, among which the 12007 and 246 transitions are in common with haplogroup M18. Note that haplogroups M4, M18, M30, M37, and M38 share the 12007 transition and are thus included in a super-branch nested in M, which is named as M4'30. Haplogroup M39 is characterized by a pronounced hypervariable segment II motif (551T, 651T, and 66T) and three coding-region mutations (at sites 1811, 8679, and 15938). Finally, haplogroup M40 has a specific motif composed of four mutations (at 8925, 15721, 15954, and 16463).
Refinement of Previous Haplogroup Definitions
The mtDNA complete sequence information offers us an opportunity to test the phylogenetic status of the haplogroups that were previously recognized only on the basis of control-region and partial coding-region information. The definitions of M3 and M33, for instance, are well supported by the complete sequence information and remain unchanged (Kivisild et al. 1999; Bamshad et al. 2001; Metspalu et al. 2004; Thangaraj et al. 2005) . But the definition of other haplogroups needs to be revised. For example, as mutation 16274 was present in all M2 samples of our data set (our unpublished data) and in most of the M2 samples reported elsewhere Metspalu et al. 2004) , we treat this mutation as a basal polymorphism of M2, so that the lack of the 16274 variant in some M2a samples would be best explained as a backmutation event. Haplogroup M5, previously identified by the speedy 16129 mutation (Kivisild et al. 1999; Bamshad et al. 2001) , is substantiated by an accompanying codingregion mutation (at site 1888). M5a, the major branch of haplogroup M5, is also identified by another three mutations (viz., 709, 3921, and 14323) , in addition to 12477 (Rajkumar et al. 2005) . Haplogroup M6 is characterized by additional eight mutations (at sites 461, 5082, 5301, 5558, 9329, FIG. 1.-The phylogenetic tree of 66 Indian autochthonous mtDNAs from macrohaplogroup M. Mutations are scored relative to the rCRS (Andrews et al. 1999) . Samples were taken from the following populations: Bhargava (A), Chaturvedi (B), Brahmin (C) from Uttarpradesh, North India; Reddy (R), Thogataveera (T) from Andhrapradesh, South India; Rajbhansi (SW) from West Bengal, Northeast India. Ten additional samples were collected from published sources (Maca-Meyer et al. 2001; Ingman and Gyllensten 2003; Kivisild et al. 2005 ) and were referred to by symbols NM, IG, and TK, respectively, followed by ''#'' and the original sample code. Suffixes A, C, G, and T indicate transversions, ''d'' signifies a deletion and a plus sign (1) an insertion; recurrent mutations are underlined. The prefix ''h'' indicates heteroplasmy and ''@'' highlights back mutation. The motifs of haplogroups in italics (e.g., M6b) are not yet determined. The reconstruction of (in general) highly recurrent mutations (e.g., 146, 150, 152, 195, 16182C, 16183C, 16093, 16129, 16189, 16311, 16362, 16519 , and the insertion/deletion of ''CA'' repeats in region 514-523) is tentative at best. 10640, 13966, and 14128) besides the three previously reported ones (viz., 3537, 16231, and 16362; Kivisild et al. 1999; Bamshad et al. 2001; Metspalu et al. 2004) . Because the previously defined haplogroups M4 and M18 would reside in ''M30'' as proposed by Rajkumar et al. (2005) , one would be forced to change the established older nomenclature. Rather, to avoid further confusion, we suggest here to narrow the definition of M30 to represent the branch (viz., the former M30a in Rajkumar et al. [2005] ) that is identified by mutations 195A and 15431 besides 12007.
Haplogroup Age Estimation
The ages of macrohaplogroup M in India, Southeast Asia, East Asia, and Oceania are displayed in table 1. With the exception of M in India, the estimated ages are not significantly different and match the postulated age (60 3 10 3 to 70 3 10 3 years) of the three Eurasian founder types (Kong et al. 2003; Macaulay et al. 2005) . The abnormal younger age (;44 3 10 3 years) of the Indian M lineages may be attributed to the unequal age contributions from different M haplogroups to the total M age estimate. The frequency composition of the particular M haplogroups in a population sample from India then matters a lot because the ages contributed by the different branches range from 21 3 10 3 years (M30a) to 93 3 10 3 years (M6b). Our sample drawn for complete sequencing does not reflect the natural frequencies and therefore could bias the age estimation.
To investigate this, we simulated a natural frequency distribution by assigning the mtDNAs sampled from the Chenchu and Koya populations to their respective haplogroups by (near) matching controlregion motifs (Yao et al. 2002) . Fewer than 5% of the mtDNAs were virtually unassignable, so that the remaining 142 mtDNAs could be used to evaluate the natural frequency of each M branch in Indian population (table 2) . Based on this frequency information, the M age was recalculated by using the complete sequence data. The resulting age, 54.1 3 10 3 years, is indeed considerably larger than the value obtained for an unweighted estimation and falls into the range of the age estimates from the other geographical regions (see table 1 ).
The coalescence times of the Indian M haplogroups themselves vary substantially: for those haplogroups represented by more than three mtDNAs in our sample, the age estimates range from 24 3 10 3 years (M39) to 54 3 10 3 years (M2). The superhaplogroup, M4'30, has an estimated age of 33 3 10 3 years. It seems that at the time when the interior of the Indian subcontinent was populated by modern humans (;30 3 10 3 to ;45 3 10 3 years), the root haplotype of M and its one-step derivative, M4'30, were still present and gave rise to numerous haplogroups that seem to deflate the age of macrohaplogroup M, especially when the sampling scheme (as in our case) favored these hitherto poorly characterized subhaplogroups. This staggered scenario would best agree with a two-stage process for the peopling of the Indian subcontinent as was suggested by Kivisild et al. (2003) .
Discussion
Complexity of Macrohaplogroup M
The basal variation in macrohaplogroup M of India that has emerged from our study is indeed impressive: it clearly outnumbers that of macrohaplogroup M in East Asia (Kong et al. 2003) . The extreme basal multifurcation also poses a particular problem to phylogeny estimation because the long stems of the deepest branches could easily appear to coalesce by way of parallel mutation at a single site. It certainly needs to have many more lineages completely sequenced before we can be reasonably confident about, say, the monophyly of M18'38 or the actual placement of the branch referred to as M4a within M4. Therefore, the current tree of figure 1 cannot yet be regarded as ''bulletproof'' but rather constitutes a current best working hypothesis.
With the reconstructed phylogeny of macrohaplogroup M in Asia, it is now evident that some common mutations, especially in the control region, of M lineages from East Asia, South Asia, and the Near East are acquired by parallel events. For instance, the 11946 transition shared by an M30c lineage from India and an M7c lineage from the Philippines (Maca-Meyer et al. 2001 ) turns out to be a parallelism (compare our fig. 1 with fig. 1 from Kong et al. 2003) . The global mtDNA phylogeny based on complete mtDNA sequences also allows rejecting premature inferences drawn from few hypervariable control-region sites.
A particular case in question is the origin of haplogroup M1, which is mainly found in Northeast Africa and the Near East (Quintana-Murci et al. 1999 ). Due to Kivisild et al. (2003) . b Calculation based on the complete sequences from this study.
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FIG. 2.-
The conflicts between our data and that of Rajkumar et al. (2005) . Solid lines represent evolutionary pathways revealed in the present study while broken lines refer to those inferred by Rajkumar et al. (2005) . Samples with prefix ''RR#'' were taken from Rajkumar et al. (2005) . Mutations are scored relative to the rCRS (Andrews et al. 1999 ). Private mutations are not shown (//). Suffixes A, G, and T indicate transversions; ''d'' denotes deletion and a plus sign (1) denotes an insertion (specified by the nucleotide inserted). Haplogroups are defined and indicated as in figure 1 .
Phylogeny of Indian mtDNA Haplogroup M 687 Downloaded from https://academic.oup.com/mbe/article-abstract/23/3/683/1110370 by guest on 06 March 2019 the fact that M1 bears variant nucleotides, for example, at site 16311 in common with haplogroup M4, at 16129 with M5, and at 16249 with haplogroup M34, it has been proposed that M1 might have some affinity with Indian M haplogroups (Roychoudhury et al. 2001 ). This inference, however, could not receive support from our complete sequencing information. Indeed, the reconstructed ancestral motifs of all Indian M haplogroups turned out to be devoid of those variations that characterized M1, that is, 6446, 6680, 12403, and 14110 (Maca-Meyer et al. 2001; Herrnstadt et al. 2002) . Therefore, those common mutations in the control region rather reflect random parallel mutations. There is no evidence whatsoever that M1 originated in India.
Comparison with the Rajkumar et al. (2005 ) Data Rajkumar et al. (2005 provided 23 Indian M sequences that were deemed to be complete. On the basis of their phylogenetic tree, the authors negated the haplogroup status of M3 and M4. However, a site-by-site audit of their sequences revealed that the obtained data are problematic, with numerous basal mutations evidently missed as well as some phantom mutations inflicted. To demonstrate these problems and resolve the conflicting information, we compared the evolutionary pathways for haplogroups M2, M3, M5, M6, M35a, and M39 derived from our data and those predicted by Rajkumar et al. (2005) . As shown in figure 2, mtDNAs Kur126, Chen, and Katk from Rajkumar et al. (2005) harbored a string of mutations specific for haplogroup M2a, namely, at sites 204, 1780, 5252, 8396, 8502, 9758, 16270, 16319, and 16352 (Kivisild et al. 2003 ; this study) but lacked the three other diagnostic mutations (at sites 11083, 15670, and 16274), whereas the salient 447G transversion ; this study) was misdocumented as a 477 transition in their figure. The two sequences IB306 and Lyn180 from Rajkumar et al. (2005) could be assigned to haplogroup M6 but missed as many as seven M6 characteristic mutations (viz., 461, 5082, 5558, 9329, 10640, 13966, and 14128) . Similarly, the M35a sample Lam8 was without the four mutations at sites 482, 12561, 15924, and 16093, and the M39 mtDNA Ho69 lacked a number of characteristic mutations (viz., 551T, 59-60d, 651T, 66T, 1811, 8679, and 15938) . It is noteworthy that a rare tranversion 10986A was found in three haplogroup M5 mtDNAs (Bho134, Raj90, and Mus112) reported in Rajkumar et al. (2005) , whereas this mutation was totally absent in our M5 samples. On the other hand, the basal M5 mutation 1888 identified in our study was not present in the samples of Rajkumar et al. (2005) . To resolve these conflicts, we screened both sites in additional six mtDNAs from potentially different branches of haplogroup M5 (table 3) . Our results confirmed the presence of 1888 and absence of 10986A in all M5 mtDNAs, thus casting serious doubts on the data provided by Rajkumar et al. (2005) . Similarly, the screening for three additional M6 mtDNAs (table 3) confirmed that the 5319 mutation is specific to M6b, which was however regarded as a basal mutation of M6 by Rajkumar et al. (2005) . Note that in the first version of the article by Rajkumar et al. (deposited at http://genomebiology.com/ content/pdf/gb-2004-6-2-p3.pdf) the 5319 mutation was allocated to only one of the two M6 lineages.
To roughly assess the extent to which Rajkumar et al. (2005) overlooked the basal and private mutations, we calculated the mean distance (rho value: Forster et al. 1996; Saillard et al. 2000) of their reported M lineages to the root of M. The low value (6.7 6 0.7) observed for their data, compared with ours (8.7 6 0.6, see table 1), suggests that they might have averagely missed about two mutations in the coding region (577-16023) per sample.
A Rapid Dispersal Along the Asian Coast
It was pointed out that macrohaplogroups M, N, and R are universally distributed in Eurasia but differentiated into distinct haplogroups in East Asia, Oceania, Southeast Asia, and the Andaman Islands in particular (Macaulay et al. 2005; Thangaraj et al. 2005 ). This finding is further strengthened by our newly obtained Indian M data because the mutations that characterize the basal M lineages in India are virtually unique and not shared by those of East Asian, Oceanian, and Southeast Asian M lineages (Ingman et al. 2000; Ingman and Gyllensten 2003; Kong et al. 2003; Tanaka et al. 2004; Friedlaender et al. 2005; Macaulay et al. 2005 ). This star-like and nonoverlapping pattern of the mtDNA phylogeny is in good agreement with the proposed scenario that the initial dispersal of modern human into Eurasia some 60 3 10 3 years ago was rather rapid along the Asian coastline (Macaulay et al. 2005; Thangaraj et al. 2005; Forster and Matsumura 2005) . 688 Sun et al.
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